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nBtTkACT 



The thickness of the boiling, bubble, boundary layer 
in forced convection flow in rectangular geometry was 
measured by photographs. The teat section had a rectangular 
cross section (l/2 inch x l/4 inch) which consisted of two 
opposite, electrically heated, stainless steel walls and 
two glas3 walls. The ratio of heated strip length to the 
spacing between the strips was about sixty. The range cf 
the variables investi 0 ated was: heat flux density 0 to 

475*000 Btu/hr ft 2 ; test section flow velocity 0 to 5 
ft/see; pressure 0 to 56 psia, and liquid subcooling between 
2?°F and 108°F at the test section inlet. 

The bubble boundary layer thickness was plotted against 
a parameter which expressed the calculated bulk subcooling 
cf the liquid at the point where the tubblo layer thiok- 
ness was measured. The plots show quantitatively the 
behavior of the bubble layer under various conditions cf 
subcooling, flow, anu heat flux density, an attempt was 
made to include the conditions of nucleation of boiling 
as a unifying parameter for the layer growth. «.hilo a 
significant relationship was indicated, there is little 
experimental basis for the proper value of nucleation 
superheat necessary at the pressures investigated. In 
addition there are undoubtedly other nucleation variables 
which are significant. A generalised correlation of 
bubble layer growth was not achieved. 
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1 1 'i TliO Dll C TI ON 

The use of flat plate type fuel elements in nuclear 
reactors and the desire to achieve the higher heat transfer 
rates that are possible with the boiling process require 
more fundamental information on boiling under conditions 
of flat plate geometry. It was the objective of this 
Investigation tc make a photographic study of the boiling 
boundary layer growth under flow conditions using geometry 
and a ratio of coolant volume to heating, surfaces which 
would more nearly approximate conditions in a nuclear 
reactor core. Previous investigations of pool boiling 
have generally used single heated wires or rods in a 
pool of water where the bubble size was large in relation 
to the heating surfaces, and the volume of fluid was much 
greater than the heating surface. The forced convection 
boiling has been done predominantly inside circular 
channels which is not the geometry of interest here. 

Apparently the first work with rectangular flow 
channels was done by Gunther (1)* who had the heating 
strip in the center of the channel with watex* on both 
sides. As the intention was a study of bubble dynax'xics, 
rather than the growth of a bubble layer, the heated 
strips used by Gunther were not long. Ar gonna National 

* Numbers in parentheses refer to the references in the 
bibliography. 
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.Laboratory j-au. dc.- o W.s»iv« v or». iti. flat A .* u cu. • t* y 
in boiling, conditions, but the only ublishod infer ;aAloti 
to dete has been ter n- tuner connection (2,* li.e writer 
'ips. a Infoix-ed that • orh. on boliii * in fore* c connection 
in rectangular fio* channel* h id been done at X L s but 
re reports were veil *ble, 

Kent* of the fore«olnr jubilated irncstl* itiens used 
forced convection in fiem feoa try with cpjo< Holy facia?': 
hentln element* bavin- a ifcrpc L/y, r^tio cf lentil to 
spacing Letwe*'i l**tes. The heel tr%fc&f«r section nicu 
wee used censieted cf two electrically h#> tei flit, stais- 
less steel {16 -C) strife with decaescu ide-aerauad; 
distilled water flcwln* between the-. t/y for ul. 
experiment was about 6C. 2ho rasp© cf tie v :ri»fei*s 
investigated wa^: heat flux density t to 475, OUC 

Ltu/hr ft* ; test section flew v 1 city C to ; Xt/ueo; 
tr as sure at test section cutlet 0 to 5o . 1a, r Uvula 
subecolint be twee r 27° f end 10£°JF at tie test section 
inlet. 

A description of the apparatus used, a alsowtelon cc 
the tost procedure, and the test results are riven in 
subsequent sections. 
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\.A ^ ' i. _ ^ r, 4? s . * £i .V 1 C 

The e/pCi'i -t, t-.rj. e }aip« ent used to c rry cut v. la 
investigation i s' c-.7> ii the .cconipanyin?, din^ru 
*ig. 1 Is a selenitic il dimrar* of tx*e tost- loop* 

Flr> 2 is a phc taw;r&pL of t ho rpparatuo snowiat, the test 
section in the vertical x edition. The pUkp and electrical 
preheaters or-, net fluid© iu the photograph,, 

Listilled and a sc. if iod v-ater vus circulated ip 
the test loop. ILir er Ai reheated before entering 

the test sectio by t»c el< ctric heaters { electric 

Qhro»alOK i ver.ion hevtero, typ* - 2 r 0, 7000 atts, 

240 volts, '.L. aieRand Go. » itt'bar , 'a. x. fhaaf 

heaters v*eic controlled by Vcriaos,, type T1CG2, General 

r.adio Co*, Gai- ..ridp®, 1 A si*. 1- coilew tu r -i 1 e it 

e>rohhnf'er uain* cold • ater »-.»g to cool ox >, .. iter 

leayirife the test section before enterin to 1 uico { e t- 
in^houf- © totally enclosed centrifugal uup, js^o-ia 
22C volts, 3 h\&-, 60 c.-cle). This purp r quh :d ir 

oil ccclin. sy-'te^ --nich hod an oil tc tenter ^co-nv* i.#«t 
ecKchancer (hoss enter nd manufacturing oo,, . -Jt: 1 , 
..T,} hud in electrie.lly driven centrifugal «>■ , 1C . > , 

allia Chalmers anuf acturin? Go., i.er oo< , uhie, ih? 
ijotor for the oil pump wan 3/4 hi, 44c vert, 6< cyci*, 

3 phase, Jen. feral wlectrie. The tenter circuiatir. ■; p« •; 
discharged to a 3/4 irer square sored orifice for lio.v 
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Fig. 2- Photograph of Apparatus 
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measurements. The nanometer used was a -arriam 20 inch 
U-manometer, type ii-1103. The flow rate was controlled 
by a valve on the discharge side of the pump. 

The test section consisted essentially of a rectangular 
flow channel, 1./4 inch x l/2 inch cross section, with 
electrically heated stainless steel (18-6) strips forming 
two of the opposite walls. The other two walls were glass 
which permitted viewing the nucleate boiling bubble for- 
mation on the heated strips. The heated strips were 15.0 
inches in length, giving an h/y of approximately 60. 

The inlet approach section was also rectangular, l/4 inch 
x 3/8 inch cross section and an L/y of 50. The inlet 
and outlet sections (Tig. 3) were necessarily narrower, 
i.e. 3/8 inch instead of 1/2 inch to provide end support 
for the glasses. Tapered transitions were made at these 
points. The test section cutlet had the same cross sec- 
tional dimensions as the inlet but was 1 uch shorter, about 
3l/2 inches. 

The main part of the tost section was mild steel 
(Fig. 4). This provided a frame to receive the water 
inlet and outlet sections, the electrical conductors and 
heating sti'ijs, and the glass windows <Jergut;on gage 
glasses, series 5, 17 inch length > which Vverc clamped 
by modified Jerguson gage glass covers, series 5. 

Electrical insulation between the stainless steel heating 
strips arid the mild steel frame was achieved by using 
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Approach Section - Mild Steel 
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Fig 3 -APPROACH SECTION 

Note Outlet section similar, 
but shorter - length 3£* 



TEST SECTION BOOY - mild steel 
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Fig L - CENTER SECTION 
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auiont .1 tlLtfe pi 0tic. The belter strips v ora electrically 
connected in sal-lea by u copper hue cr oennoetio* pi ce 
located at tie vie ter inlet end or the heater strips (xlece 
H 2 n , fig. This electric «1 arrange end -m.is, crcaui 

because ol* t cue cetera. tor ctuxactari sties uaed to provide 
the elsctriccr potter. I he power for the netting strips 
cane fro. a »c tor*ftencrator set (motor manufacturer, n.J. 
Land ant Co., 220 volts, 6t cycle, 3 phase, 65 amps, 1150 
rpm; generator minuf aeturer , general electric oorp, , 
model 53 >» 532 » 15 volts, 1CC0 amps j . 

Ihe distilled vater was dej, ussif ied by boiling in 
a stainless steel drum heated by a sub er «u .-te-'. coil 
us in; 30 pounds saturated steam, rater wa3 transferred 
to and from this drum, which alBO served as • oyste 
reservoir, by the acstingheuse jump, 

difficulty was experienced with very o* . ,11 rutt 
particles, apparently from the steal jacueteo >r-®x eaters, 
durin early runs. ;» Fulflo Filter hi. 10 3/4 ; o- ercial 
i liter, Corporation, helroso, jUass. , was installed at the 
30a pump discharge, x'his cleared the water . otisfeator ily* 
Originally the test section me in a horizontal 
position to facilitate the photography. At lo- flow 
rates, one to two fset per second in the test section, 
nucleate boiling babbles fro; the lower plate would rix 
end coalesce with the upper plate bubbles. It .*at fexxsd 
that thic.iiii,ht cause premature burnout on the upp.-r 
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Fig. 5- DETAILS OF ELECTRIC 
HEATING STRIPS 



Piece "2** Piece ,, 4 M 

Mot’l. Copper Mot'l: TEFL ON 
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so the test section was mounted in a vertical position* 
Fig. 3 "j-e tails of electric Heating strips” slews 

the strips as used for the data runs. The first design 
did not have the six 3/16 inch stainless steel rod 
supports for the heating strips, but only two small, 

5/32 inch, diameter, short, l/k inoh, stainless steel 
studs which fastened to a 5/l6 inch THFLON dowel which 
in turn was tightened by a nut bearing against the out- 
side of the main body of the test section frame. Tho 
small studs located at the midpoint of the strips proved 
inadequate to prevent oaapressiv© buckling of the heated 
strips during preliminary runs. The larger studs improved 
the situation, but did not eliminate the bowing of the 
strips completely. The silver solder on the bao<cs of the 
strips and the thermal capaoity of the larger studs 
undoubtedly caused variations in the electrical current 
density and tho uniformity of the heat generation, but 
there was no apparent effeot on the bubble boundary layer 
at the stud locations. 
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Fig. 6 - Photograph of test section 
(di sassembled) 
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The distilled water used in the loop was taken from 
the degassifier where it had been boiled for one Lour 
before each run. The electrical generator loading and 
the water flow velocity wore set while the electrical 
preheaters were adjusted to maintain the desired water 
temperature at the test section inlet. 

The voltage was measured across the test section 
electrical terminals with a Weston D. G. voltmeter, model 
45, serial 2849, scale 0-1.5* 15, 150 volts. The ammeter 
on the motor generator control board gave the current 
readings. The boiling in the test section would cause 
appreciable increases in the system pressure. This 
necessitated readjustments in the flow as the pump 
characteristics were pressure sensitive. Conditions were 
allowed to stabilize by observing the test section outlet 
pressure. This pressure generally steadied within one 
minute. Thotographs were taken with a Graphic View 4 inch 
x 5 inch still camera having Rapax lens, wollensak Co. , 
using I anatomic X film. Camera settings used were 1/25 
sec and f 22. The test section was backlighted with a 
microflash light, type 1530-A, General Radio Co., Cambridge, 
kasc. The light was insufficient tc light the entire test 
section at once, so each photograph covered a len th of 
about eight inches. h typical sequence of photo -raphe 
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is ‘AfpencoQ 7, & ju.u 9. all of tfca photographs 

and negatives are. in the possession of Jtrcf a J.a. Clark. 
Tim® was not available for the intended motion picture 
study. 
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I- 1 g. 7- v 1 ft/sec 
tVA 83,000 Btu/hrft* 
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An atte.apt v- 4 'u*d to corrcl^t-- t *. .uy*ic*i e ;■ 



ditioiio in the ohdunnl sun* \a flux U >it , flow 

velocity era fluid *nthali y, et the otrt vher* ti e t* c 
bubble boundary layers .et or interior led. This -:ic not 
successful end it is believe*:, thui the prircipal difficult., 
.as in eatabl ishin$ or defining the *etuel lec .ticu of tiu 
junction, oefere the va^cr bubbles rov to a siz which 
is stout half of the channel *idth, ire bubble is influenoii 
the boundary layei cn the op.-osite strip. » itJt bubbles of 
this size, the pboto^raihs shew that the flow is not 
syffio-etrioal. a bubble deflects the v tor toward the 
opposite atrip end f setts to vire off the bubble* or reduce 
the boundary layer thickness there. 

The quantity h^ i^ the calculated bulk entj.uj.py at 
the point of intersection of the bubble bounder' lay rs 
•nd ic equal to the inlet sntheipy hp plus the ere ivy 
added per pound by tie heater strips between the irdet 
and the point 



The experiment hi condition^ for the various rut* io tabula »u 




••here Is tne area cf one strip between 1 ait 
the point x, .. nvl > 3 as® flew rate throu. u the channel. 



on pages 25 s 26, and 2 7* The follawir data • owl eui* ted. 
for tie runs indicated: 
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10 


-.030 


17 
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11 


-.053 


18 


-.056 


12 


-.043 


19 


-.039 


13 


-.031 


20 


-.048 



The quantities h f , the saturated liquid enthalpy, and 
fcfg, latent heat of evaporation correspond to the pressure 
measured at the test section outlet. Nc !»ydrostatlc correct- 
ion wa 3 Eads. It is significant that all of the points 
selected showed a negative "quality" or 9 bulk enthalpy 
less than the saturated enthalpy at the point where the 
vapor appears to be blocking the channel. 

It lauot be remembered, however, that the bubbles are 
actually three dimensional rather than two as is implied 
here when the point of intersection is assumed. The actual 
"quality" is undoubtedly less than the value calculated 
since all the energy generated in the strips was assumed to 
be transferred to the fluid. There were certainly heat losses 
through the back of the heating strips bet! by conduction 
and by boiling of water which leaked on to the back cf the 
strip, ho theoretical calculations were made to estimate 
the magnitude of ti;is loon nor was a heat balance attempted 
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on tfco . action becauna of inade Twite lnuUu^nh-.tio..i. 

It is believed that the icsi.'c jrr t it-.- , ar cv.»to 



to achieve i Lii&her quality m tnc t.rct •-.•otic- vutiee. 
ho photographs were taken. .ith kj ~ c55»t"'t ntu/kr ft*-® 
v « 1 ft/sec, %i - l?C c - th p * 45 si-*, lifce t.U.eu.i*%«d 
quality at outlet was a* out - l«4.-» »•’ • x *§t j e.< iuciveo 

of the channel appeared to te ili.cst six - r i-ur. 

Q/A » 450,00c otu/hr ft 2 , v 2 wS ft/boc. tj_ * 104 - .c, 
p s 53 pai® gave a pulsating flow with slu*s of vvpor 
surging up the channel, ihe calculated outlet iu.ii.it/ 

%as - 4«7?« Ihe highest quality acnleveu was « a4*4a 
with Va - 440, COC utu/hr ft 2 , v * 0.5 ft/weo, tj » ly6° 
and p * 60 psia. *ith tLees conditions tnc u, por two 
thirds of the t >st section '-an u.ortly vapor vitt vit-e t 
boiling In the bo theft third, 

..lots were smR* of 8 , the tfei9Jsa.eM 
bubble boundary layer, gainst a parvf.e*er •«, .LicL ut^re 
the aubeoolliig of the bei. liquid at the if cation where 
was measured* h is tne sane negative "quality” or sub- 
coding spoKen of previously. 
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runs wc r-: la an olfirt 
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and h£ is the calculated enthalpy at the point whore 6 
was measured. The value of E was also calculated Ignoring 
all heat losses. As II is a calculated quantity, the 
experimental uncertainty is of interest, *iith the 
following experimental variations: 

flow velocity ±0,1 ft/sec for v = 1 f t/sec 

pressure ±0,5 psia 

inlet temperature ± 0, 5°F 
generator current ± 5,0 amps 
the resulting uncertainty in E can be estimated. Taking 
run #29* which is Fig, 8, as an example where S £ ,083 
inches at a distance x - 9® 35 inches from the beginning 
of the heated atrip, 

0-8,3 volta x 600 ± 5 amps ~ 4.72 -t 0.4 Btu/sec 
w = ,11 ± , 01 Ib/seo 

h S 3 hj 4 - \ L ~ 14.7” length of heated 

ui v U' 

with t^. = 200 C F ± 0o5°F, h, = 168.0 ±0.5 Btu/lb 

since p ® 41 * 0. 5 psia 

h f = 237.5 ±0,7 Btu/lb 
h f - = 932,6 ± 0,5 Btu/lb 

E = w g - v, t 
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This sl ews ar 'uncertainty rf stout 6, in i . The lar^ost 
variations wore in the v^tcr velocity .nd the generator 
current measurements, consequently the scatter was 
appreciably grotiter for the low flow anti lor. ..ever runs. 

This Is quite possibly the explanation for the seeming 
inconsistencies shown on Fig. 10 where Jk - 03,000 ntu/kr ft^ 
and the 3 ft/sec is to the right cf the 2 ft/aec run. 

The plots of O vs I) show that the growth of the 
bubble boundary layer is as would bo expoctod. It is less 
for the greater suboooling and higher velocities while 
greater for tho higher heat flux densities. These varia- 
tions ars given quantitatively by the graphs, since the 
general shape of the various curves is similar, it was 
thought that a correlation for t..a nucleatlcr: points {i.e. 

£ - 0} night be found, am the pressure was different 
for the various runs , a pressure parameter for nucleatlon 
was sought. Using the liquid superheat at incipient 
nucieation, a tern was added to the "subcoollng" jaranster 
ii used previously. 

(<; - 1 *) • { 

where t w * is the v;all temperature at the point of 
nucleatlon and is the bulic fluid temperature. 

1 t(^t) 
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Values: for t* - t f as a function cf free 



assure ^cre taken 



free: Fieuro IV-C-2 " -axiru* v.x.var i»:«ntal etttt Theoretical 
~-ef.ree of Liquid .upcrhe.it" fror« rof. (3i. 

The experts. intal superheat curve for the atalru.es*. steel 



corr.-lutlor. is hemn la Fip. 21. .Lilt It it true that 
this resulted In & cloer Touptn* of the data, fcuoh a 
High value of su r erheat ( *** 150 C F) cbtftintu in or experiment 
where the ••ater yr s vary cIcaii, unheat d and atctic la 
uallKcly in a •*ovln-; fluid being heated. It 1# felt that 
a superheat of about thirty decreed T.c*Xd be more reason- bis, 
*ny such lower v-ilue of superheat ould tend to scatter the 
curves core. It is < 4 r, parent th.-t a generalised correlation 
is yet to be ■ Ined, 










•*, * J 



(grt - }J) -h ) 



ft* 

}ii - gd 9 U **»»*!<*» H w ^ ■)<'■ ) 5" /I 






* 

i > ' 

* „■•*>-•- »t * r •• • / ,. • 

- .. ■ • - r ■.' ♦ • 'W *■• > ...■'•■* ov 



6 

- ’ » • 

«. • 



' 






f • ii# Jl 

f 

<ar . i#Mt ot 









<- • ft* 

* f | *) 

If- •• . 

. 



.. t > ■ * • ■ •> i.r ii 

. 

*4 fml • • ~. ~| X*i 

r |# • y v % \« 

t •# 

ii • ’ »<■! •«TtiM 

»J I Ilf «i 






^ 1 - i wi ^ 



A i 


ircc f heater strip fir. inlet tc point 
where £ * as measured 


{ is a « in. 5 




area of heater strip finr. inlet to .cint 
’•here £ * i/2 y 


( ;; r 5 „ inu ) 




height of bubble Vounciry 1 ayar 
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fluid enthalpy a*, _.ex.ut whera S >•- enured 


\ -vtu/i b 1 


h t 


enthalpy of liquid 


{ 1 tu/lfc ) 


h t& 


latent ;.e A of evs.: oration 


(abu/ib) 
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fluid enthalpy at test, rcuoij i. x. • 


’ Btu/lb l 


h x 


fluid entheilpy at joint z 


btu/lb) 
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p tent hectic a (. utlet pressure ( slu) 

Q/a heat flux lenaity (bfcu/hr f ) 

t w tesiperature f hoatod wall ( °if ) 

tf tempera tur a of fluid °F) 

y flow velocity {ft/ sec) 

w mass flow rate ( lb./ sec; 

x distance frcju Inlet >Lere S i * iin) 

y spacing between heater strips (in) 
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indicates cox ditions at bubble nucloatien 
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Calculxted Values of the "huclea tion and Oubcooling" 
xarameter L for smoothed curves of £ 
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GUAJ'KIC iLOTo C¥ DATA 

Tho following figures are arranged first for constant 
heat flux density Q/A with varying flow velocities to show 
the velocity effect on the growth of the bubble boundary 
layer for different eubcoolings. The data was next cross- 
plotted at a constant flew velocity to show the effect of 
changing heat flux density against subcooling. 
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